Introduction
Away fron•_ coastal regions, the marine boundary layer over the North Atlantic Ocean is thought to be relatively free of pollutants of anthropogenic origin. However, the midtroposphere over the ocean may be strongly influenced by emissions from North America or Europe; the effect of such continental emissions on The factors affecting the variation in ozone levels over the ocean have recently been discussed. Ayers et al. [1992] have shown that in the unpolluted marine boundary layer of the southern hemisphere, the annual cycle of ozone can be attributed principally to photochemical destruction processes. In the polluted northern hemisphere the situation is more complex, and it is expected that transport processes play a greater role in determining ozone concentrations in the midtroposphere, both by advection of polluted air from industrial regions and by transport of ozone down from the stratosphere [Levy et al., 1985] Finally, the factors affecting ozone levels over the eastern Atlantic during this period are considered and the importance of these processes assessed.
Meteorology
The meteorological conditions over the western At- [1992] and additional data from DeMore et al. [1992] . 
Cross-Atlantic Sensitivity Studies
A series of sensitivity studies have been performed with idealized trajectories to assess the major processes affecting the composition of air masses crossing the North Atlantic from west to east. Ten-day isobaric trajectories at 300 and 900 hPa have been considered, following the northern and southern routes shown in Figure 2a Runs have been performed along the northern and southern routes at 300 and 900 hPa; the temperatures used at each altitude were assumed to be independent of latitude. The calculated O3 production along these isobaric trajectories is shown in Figure 2b . The difference between northern and southern routes is relatively small, about 1% at both altitudes, principally reflecting the difference in day length. Increasing the temperatures along the southern route by 10 K leads to an increase in O3 production of only about 4%. It appears that the major influence on O3 production is the altitude at which the air parcel travels. Air parcels traveling at 900 hPa display net O3 destruction after the first day, whereas those at 300 hPa continue to exhibit O3 production over the full 10-day period. A budget analysis has been performed to assess the different chemical terms important for O3 production for both 300 hPa and 900 hPa northern trajectories on day 234, the fifth day over the Atlantic, and fluxes through the relevant reactions are shown in to form HNO3 by reaction with OH radicals is slower at 300 hPa than at 900 hPa due to the pressure dependence of the reaction and to the lower proportion of NO• as NO2; the subsequent photolysis of HNO3 to reform NO2 and OH radicals is 45% faster at 300 hPa than at 900 hPa. In the atmosphere, lower tropospheric air from the boundary layer has a water vapor volume mixing ratio in the region of 1.0-0.25%, whereas in air at 300 hPa it might typically be around 0.01% [Valentin, 1990 ]. An air parcel undergoing convection to 300 hPa would be expected to dry out after condensation of the water vapor. To assess the effect on O3 production, the water vapor mixing ratio was varied along the northern isobaric trajectories between 1% and 0.001% at the two altitudes; see Table 3 , were used to examine the effects of different chemical initializations on O3 production along the 300 hPa isobaric trajectory. The water vapor concentration was fixed at 0.01% for all runs, appropriate to conditions at 300 hPa.
It is clear froin Figure 4a that dilution of the polluted initial conditions leads to considerably reduced net O3 production. The rapid initial O3 production in the first 6 hours of the runs is primarily responsible for this. The total O3 production over the 10-day period falls The second stage involves slow production of 03 over the remaining 9 days. After the first day, NO• levels are relatively low following oxidation to HNO3 and are buffered by HNO3 photolysis; the ratio of the NO• species becomes an important factor in these conditions. The NO/NO2 ratio is greatest for the 50% diluted plume, as NO removal by RO2 is lower than for the polluted plume, while the OH/HO2 ratio is larger than for the more dilute plumes. Halving the initial CO concentration in the polluted plume does not affect the initial jump in 03 but leads to 50% greater 03 formation along the remainder of the trajectory, as the slower OH to H02 conversion rate leads to to a greater NO/NO2 ratio and hence to a greater 03 production efficiency. Note that rain-out of HNO3 and other soluble species has not been considered in these studies; relnoval of NO v would lead to lower NOs levels and hence reduced 03 production, and final 03 concentrations would therefore be more strongly controlled by the initial production than by production over the final 9 days.
Delayed Elevation
To assess the effects of the upward movement of an air mass, air parcels have been initialized at 900 hPa and have been lifted to 300 hPa over a 6-hour time step, completing the trajectory at 300 hPa. This elevation has been performed over the first, second, and fourth time steps, corresponding to the slow ascent of air over the respective 6-hour period. In practice, convective processes could lift an air parcel in as little as half an hour, but this sensitivity study serves to show how O3 production potential is affected by the timing of such elevation processes. The initial chemical conditions were the same as those from the first run; see Table 1. The air parcels undergoing delayed elevation display a period of rapid O3 formation at low altitude, leading to greater removal of NOs, and therefore reduction in 03 production when the parcel reaches 300 hPa; see Figure 4b . This reduction in NOs does not have sufficient time to occur in t:he parcel elevated during the first 6-hour period. and hence although the initial burst in O3 production is reduced with respect to the 300-hPa air parcel• the 03 production efficiency for the remainder of the track is comparable. Longer periods of time spent at 900 hPa before elevation subsequently lead to greatly reduced O3 formation rates at the higher altitude. The time between emission and elevation is therefore likely to provide a strong control on total photochemical O3 production from urban plumes, similar to the effect described by Chatfield and Delaney [!990] for biomass burning plumes.
Further Considerations
The main conclusions from these studies is that the O3 production efficiency in the upper troposphere is considerably greater than that in the lower troposphere.
This has also been found by Pickering et al. [1990, 1991] in studies of convection and indicates that the potential for long-range transport of secondary pollutants from North America to Europe is considerably greater at higher altitudes. This effect is enhanced by the shorter transport times that are typical of higheraltitude transport. At both 300 and 900 hPa a reduction in water vapor content leads to increased O3 production. Studies with a variety of initial concentrations have indicated that considerable photochemical O3 formation is still possible from rather less polluted starting conditions. The initial rapid O3 production due to oxidation of the highly reactive hydrocarbons becomes successively less important for cleaner air parcels, and O3 formation along the remainder of the trajectory be-
To what extent is the O3 production seen here observed in the atmosphere? In these studies, O3 production is enhanced by the buffering effect of HNO3 formation and photolysis on NOx levels. However, the lack of removal of NO.v by rain-out or dilution maintains NOx concentrations at artificially high levels, considerably enhancing O3 production. In reality, the high levels of HNO3 and NMHCs would be diluted as the air parcel ,nixes with the surrounding air and would at some point drop below the critical concentration required to keep NOs levels above the O3 formation threshold [Milford et al., 1994] . Mixing processes will therefore affect the O3 production efficiency of the air as well as directly affecting the concentrations of all the constituent gases.
Similarly, removal of NOy and H202 in the aqueous
phase by rain-out is liable to reduce the O3 production potential. To examine a more physically realistic scenario, a case study has been performed for crossAtlantic transport considering these physical processes in more detail. 
Cross-Atlantic

Physical Influences
Runs have been performed to assess the importance of physical processes in affecting the composition of air masses. The following studies focus principally on mixing processes; it has been assumed that the air mass is below the saturation point, and therefore wet deposition processes have not been considered. If condensation had occurred, wet deposition would be expected to lead to significant additional removal of O3 precursors. The effect of altitude is highlighted in an isobaric run at 900 hPa along the same latitudinal path using the same fixed temperature (273 K) and water vapor mixing ratio (0.25%) as for the sensitivity studies; see Figure 6c . There is slow O3 production along the trajectory during the daytime, when the peak NO• levels reach almost 250 pptv, maintained by photolysis of HNO3. This lower O3 production capacity at the lower altitude is the same effect as that seen in the sensitivity studies, except that the greater total NOy used (15 ppbv rather than 2.1 ppbv) is sufficient to maintain an O3 production regime.
To simulate the effect of turbulent diffusion mixing the air parcel with adjacent air masses, background concentrations were provided for the long-lived species; see Table 5 . These concentrations were slowly mixed into the air parcel using a modified dispersion equation Oa levels are maintained; using a faster dilution rate or stratospheric background air leads to net Oa loss after the first 4 days of the trajectory. Close to the source regions, where the air parcel contains higher levels of pollutants, dilution reduces the photochemical O3 production rate; O3 production on the second day of the trajectory is reduced from 19 ppbv with no dilution to 12 ppbv with slow dilution and 9 ppbv with rapid dilution. At higher altitudes, where the difference between the "tropospheric" and "stratospheric" scenarios becomes more significant, dilution contributes more to the increase in O3 than photochemical processes. On the fourth day (day 234), when the parcel briefly rises to 250 hPa, photochemical production of O3 on the chemistry-only run leads to an enhancement of about 4 ppbv; slow and rapid dilution with tropospheric air leads to enhancements of 6 and 9 ppbv and with stratospheric air enhancements of 18 and 30 ppbv, respectively. Note that rapid dilution with stratospheric air leads to higher levels of O3 than in the chemistry-only scenario. When the air parcel returns to the lower troposphere, O3 levels again become more dependent on the dilution rate than on the difference in the background conditions. To attempt to decouple the effects on O3 levels of the dilution of the air parcel from that of photochemistry, the trajectory was followed without chemistry, allowing the background O3 values to diffuse into the air mass at the same rates as before. Comparisons of the chemistry only, chemistry and dilution, and dilution-only scenarios are shown for stratospheric background air with slow and rapid dilution rates (Figures 8a and 8b, respectively) . In the slower dilution scenario, photochemical production of O3 is significant on the first day, producing an enhancement of 12 ppbv, but in the following 9 days the additional enhancement is only 3 ppbv. In the rapid dilution scenario the initial 9 ppbv enhancement is eroded, and the total enhancement due to photochemistry by the end of the run is only 2 ppbv. The slower mixing rate allows photochemistry to have a significant impact on final O3 levels in the air parcel, while this effect is removed with more rapid mixing; the balance between photochemistry and dilution in determining final O3 concentrations is therefore highly dependent on the mixing rate.
Clearly, mixing processes play a major role in determining the O3 levels calculated along trajectories of this length. The parameterization of the mixing process used in these studies is greatly simplified; it has not been possible to come up with anything other than an ad hoc estimate of the dilution rate, which has been assumed not to vary over the course of the trajectory.
Note that concentrations in background air for gases other than O3 have not been varied with altitude and that the "stratospheric" concentrations use elevated O3 levels but not elevated levels of NO s which might be expected to contribute to O3 production in the troposphere. In practice, the impact of mixing will depend on both the meteorological conditions and on the background chemical conditions that the air mass interacts with. Ideally, this type of study should be carried out in conjunction with a regional model, including a full treatment of the meteorological conditions.
Conclusions From Cross-Atlantic Trajectories
The about 650 hPa. To assess the impact of the relatively low spatial and temporal resolution on the local influences, backward trajectories were calculated for a single 6-hour time step from the measurement site, from a grid of points at 1 ø intervals in the region around the site. These were assumed to represent the wind directions in the last 6 hours before the profile was taken. Average wind velocities were calculated for the 6-hour period, assuming a direct path was taken during this step. These are compared with the meteorological data taken from the Hercules aircraft in Figure 11 . The general trend in wind direction with altitude is well reproduced, indicating that local effects are relatively small in the region during this period. The model resolution is insufficient to pick up the variation around 2.6 km associated with shear at the top of the boundary layer and hence the high degree of stratification in this region. Note also that the subtle changes of wind direction which are associated with elevated Oa levels at 3.2-4.0 km are not captured. The assumption of a constant air parcel velocity along a direct path leads to an underestimation of the mean velocity that might be expected along a more meandering path, and no consideration has been made of the variability in the wind speed. Localized and short-term effects such as coastal breezes are not considered in this simplistic treatment of mean air parcel motion; note that the largest discrepancies appear in the lowest 1.2 km. Although these discrepancies in the wind strength have implications for the accuracy of the trajectory calculations, the general agreement in wind direction lends some credibility to the calculations. The relatively poor horizontal and temporal resolution in the wind fields is a limiting factor in following specific layers through the atmosphere. The discrepancy cal histories contributing to this layer can be seen in the stratification of the Oa, NOy, and CO profiles. The emission rates used are at a coarse resolution, and hence the high degree of variation that would be expected between rural and urban areas has not been captured. Dry deposition rates have been specified for land and ocean environments, but in practice, the rate of deposition is also strongly dependent on the vegetation type over land. In addition, the simple parameterizations used for the mixing height and for wet deposition may have been inappropriate for the specific meteorological conditions of this period. The profile point is over the ocean, and the effects of local meteorological factors such as sea breezes near the coast might also be expected to influence the mixing of air masses at low altitudes. However, note that the distance between the emission sources and the profile point is sufficient that O3 levels are principally dependent on the total NO• and NMHC loading rather than on the time since emission. 
Midtropospheric Air
The There are many uncertainties in modeling the transport of polluted air across the Atlantic. The forward trajectory used in the present studies arrives in the region of the Hercules profile between 600 and 800 hPa, whereas the upper levels of the profile are at about 500 hPa. The reliability of trajectories over a 10-day period in the troposphere is uncertain, though clearly dependent on the meteorological conditions for the period. Although the trajectories in the upper and midtroposphere for the final week of August diverge very little as they track around the high pressure and descend along the coast of Europe, little information is available on the rate of mixing between the air masses. Although the trajectory model studies have focused principally on the photochemical transformations taking place in an air mass, comparison with the profile has shown that it is very important to consider the mixing of air parcels with surrounding air. Future modeling studies of this type will need to focus on determining background concentrations and dilution rates from observations and meteorological analyses.
Conditions
Over the North Atlantic
The present studies have shown that polluted air masses from both North America and Europe affect the chemical composition of the troposphere over the North Atlantic. Runs using a photochemical trajectory model have indicated the degree of photochemical O3 production that is possible in a physically isolated air mass originating over polluted source regions, around 80 ppbv over 10 days. In the atmosphere, dilution will reduce the magnitude of this O3 production but at the same time increase the region of influence of the primary pollutants in the original air parcel, leading to net production over a wider area. The nonlinearity of O3 production with reduced levels of precursors means that extrapolation from trajectory model runs is extremely difficult, but the greater efficiency of O3 production per unit NO• at lower NO• levels may imply that greater total O3 production over the region could occur with the inclusion of mixing processes. However, the timescale for O3 production is likely to be considerably shorter than the full 10 days seen in the chemistry-only scenario, as NO• levels become too low to maintain production.
As a consequence of the long transport time, realistic air mass compositions over the eastern Atlantic can be attained without invoking any photochemical processes and by choosing suitable dilution rates and background conditions. However, chemical processes certainly will affect composition during transport over the Atlantic; a more detailed treatment of dilution rates and background conditions awaits a more detailed multiple air parcel approach. [1994], awaits a more physically detailed study with a regional three-dimensional model.
Conclusions
